Submicronic powder of silicon carbide was synthesized in a pilot novel radiofrequency plasma torch reactor. The precursors were pyrolysis char and silica powders both with micrometric size. The mass rate of the precursor powder varied in the range 600-2500 g/h. The maximum test time was approximately 3 h. With the goal to increase the process yield, several technical measures were implemented. Silicon carbide yield was above 70 wt% when the plasma flame was confined by a tube that prolonged the residence time of the reactants at the useful temperature for the advancement of reaction. The silicon carbide was characterized by XRD, SEM, and DLS. Both α and β-crystalline phases were detected. Keywords: SiC, plasma torch, gas phase synthesis, grain size, char. 
INTRODUCTION
Silicon carbide (SiC) is a non-oxide ceramic material that has attractive properties, such as high-temperature hardness, wear resistance, specific stiffness, relatively low weight, corrosion and erosion resistance, low thermal expansion coefficient as well as high thermal conductivity. It has found interesting commercial applications, e.g. abrasives, cutting application, diesel engine parts, structural materials for a nuclear reactor, and electronic devices [1] [2] [3] [4] [5] [6] . Anyway, its natural availability is very limited, so that, to date, SiC for the market is synthetically produced. Edward G. Acheson (1893) using his own furnace synthesized silicon carbide crystals, during some tests to produce diamond-like crystals A novel thermal plasma-based technology for submicronic silicon carbide production at pilot scale (Nova tecnologia baseada em plasma térmico para produção de carbeto de silício submicrométrico em escala piloto) from carbon and alundum (artificial corundum) [7, 8] . Therefore, he called the precious material as 'carborundum'. Acheson immediately designed a more efficient electric furnace, he founded the 'Carborundum Co.' and had a business. A century later, the batch furnaces used to make almost all SiC worldwide follow his original design concept [9] . Usually, starting from low-cost silica sand and a carbon source such as low-ash petroleum coke, the SiO 2 -C reaction occurs in the range 1400-2700 °C leading to obtaining polycrystalline SiC of variable purity [9, 10] . Depending on temperature reaction, two main phases are possible: α-SiC, having a hexagonal crystal structure, is the stable form at an elevated temperature higher than 1700 °C and β-SiC, having cubic zinc-blend structure, is formed at a temperature below 1700 °C. Acheson method produces SiC at large grains which requires grinding and purification processes for further usage. The manufacture of nanosized powders by milling of Acheson SiC products is not successful [11] . Special attention was given in recent years towards the synthesis of ultrafine SiC powder and SiC composites to allow the production of high-performance products [12] [13] [14] [15] [16] . Particularly, plasma techniques have been attractive for this purpose by virtue of the high energy available and the short reaction time required. Nano-SiC powder with a mean particle size between 10 and 500 nm was obtained using a thermal plasma [17] . Micro-silicon carbide was synthesized by mixing and then calcining a silicon fine powder having a diameter less than 100 μm and as carbon source graphite or carbon black. The product was treated in a plasma torch to obtain the ultrafine SiC powder. The plasma torch physically works reducing the size of the micrometric SiC to nanometric one. Probably, an evaporation of micrometric SiC is followed by a rapid quenching of the gaseous SiC to freeze the size of the SiC to nanometric dimension. Submicronic silicon carbide synthesis was obtained in plasma torch using precursors in liquid or gaseous phase; liquids are easily volatilized by the plasma energy and the silicon carbide reaction occurs in the gas phase. Liquid methyltrichlorosilane and methylchlorodisilanes were injected into a radiofrequency plasma torch of 50 kW to synthesize submicronic SiC [18] . SiC nanoparticles having a dimension less than 100 nm was obtained through a DC plasma torch of about 10 kW using a liquid volatile precursor (silicon tetrachloride) and a gaseous one (methane). The powder was dominated by β-SiC including some of α-SiC and free carbon species. The conversion to SiC was mainly affected by the addition of hydrogen gas because it promoted the decomposition and reduction of SiCl 4 . Further, the conversion was varied with process conditions such as the molar ratio of H/Si and C/Si. The powder collected at the vessel and filter, compared to the reaction tube, was richer in SiC. The average size of the powder synthesized was estimated to be below 100 nm and uniform in distribution [19] . Rhee et al. [20] patented a synthesis system for silicon carbide nanopowder. They used as a precursor a liquid compound containing silicon and carbon that was carried by a gas in a synthesis vessel where a plasma was confined. A cooling gas system was used to quench the surface of the nanoparticles during the synthesis process of silicon carbide nanopowder [20] . Keun et al. [21] filed a patent which deals with the synthesis of fine silicon carbide powders in a plasma jet reactor using methyldichlorosilane as a precursor. The SiC synthesis by plasma torch was tested using precursors at solid state, too. In fact, SiC powder was synthesized from elemental silicon and methane using induction plasma technology. The purest SiC powder was collected in the metallic filter. It was composed of both α-and β-phase of SiC with small levels of free silicon and carbon. The reaction route used is based on the evaporation of the injected pure silicon starting powder, followed by carburization of the silicon vapor using methane. Using silicon powder with a mean particle diameter of 100 μm, at a plasma power of 43 kW, the conversion of silicon to SiC in the product powder was 44%. The silicon feed rate was 4 g.min -1 , and the C/Si molar ratio was 0.7. Using silicon particles with a mean diameter of 45 μm, the conversion of silicon to SiC increased to 70 wt%, under the same plasma operating conditions and powder feed rates [22] . Károly et al. [23] used a commercial silica powder and various types of carbon source as solid precursor mixtures. They were fed to a 25 kW RF laboratory scale plasma torch with a mass rate of about 50 g/h. The best process performance was observed by using pyrolysis char and when a slight carbon excess compared to silica was experimented [23] .
In the present work, the experimental results of synthesis of submicronic silicon carbide by a radiofrequency plasma torch having a nominal power of 150 kW are presented. Compared to the literature, the precursors of the SiC used in this research are low-cost solids (silica and pyrolysis char powder), a higher precursor mixture mass rate was investigated (600-2500 g/h) in a pilot plant and novel architectonic measures were introduced in the reactor that together with fine-tuning of the experimental parameters gave a yield of submicronic silicon carbide interesting for the next exploitation of the technology at industrial scale.
EXPERIMENTAL PROCEDURE
Materials and characterization: the precursors used were commercial silica provided by Sibelco and pyrolysis char produced from granulated waste tires in a pilot-scale rotary kiln pyrolizer at 800 °C. The pyrolysis char was milled in a Retsch Vibratory Disc Mill RS 200 at 1200 rpm for 1 min, then the char powder was sieved at 300 μm. The particle size distribution of the precursors was measured by laser diffraction by using a Mastersizer E Malvern instrument. The mean particle size of SiO 2 particles was 6 μm, while the mean particle size of char particles was 48 μm. Char powder and silica sand were mixed to obtain two mixtures having char powder content equal to 50 and 57 wt%, respectively. The carbon to silica molar ratio in both mixtures was higher with respect to the stoichiometric ratio of reaction A, with the goal of converting as more as possible the SiO 2 (Table I) , because SiO 2 removal is environmentally inadvisable with respect to the char removal. The powder was ground and homogenized in the disk mill, at 700 rpm for 30 s. Both homogenized mixtures had a mean diameter of about 10 μm. For an example, in Fig. 1 the particle size distribution of the mixture at C/SiO 2 =1.3 wt/wt is shown. The mixtures were stored for 12 h in an oven at 120 °C to dry the mixture. Identification of the crystalline phases of SiC was performed by the X-ray diffraction (XRD) method by mean of a Philips X'Pert-MPD using nickel-filter and CuKα radiation in the range of 2θ= 20-80°. Morphological analysis of the SiC powder was carried out with a FEI scanning electron microscope equipped with a filament of tungsten, at 30 kV, and working under high vacuum conditions. The size distribution of particle suspensions was measured using a dynamic light scattering (DLS) with a Malvern Zetasizer Nano ZS.
Plasma torch reactor: the plasma torch plant for the SiC synthesis is shown in Fig. 2 . The feeding system of the precursor powder consists of 10 L hopper and a feeding screw. A vibrator shakes the hopper when the powder has a cohesive and adhesive behavior that hinder correct feeding. A carrier gas (Ar) purges the feeding system. The powder gets into the plasma torch axially or radially to plasma flame. Axial inlet occurs by a stainless-steel water-cooled probe. Radial inlet occurs by two nozzles positioned below the plasma torch. The plasma torch was provided by Plasma Microsystem. It is a RF induction torch mounted on the top of the reactor having a nominal power of 150 kW. It is equipped with a water-cooling system. A water-cooling copper coil wraps the quartz torch tube and it is connected to a radiofrequency generator of 2 MHz. The plasma gas (Ar, He) gets from the top of the torch through a swirling diffusion plate. Helium was used to increase the energy of the plasma. In fact, it is known that the electron temperature in an atmospheric helium plasma is approximately twice as high as than in an argon plasma operated at the same conditions [24] . The stainless-steel reactor is cooled by water that flows in a shell to avoid the melting by the high plasma temperature. Moreover, the cooled walls of the reactor hinder the silicon carbide grain growth. Downstream of the reactor a tank for powder collecting, an electrofilter for fine powder and a suction blower are installed. With the goal of increasing the yield of the process, some novel technical measures were adopted as concerns the architecture of the reactor: a tube was introduced under the plasma torch to confine the plasma flame. Its dimensions and material are crucial variables because of the high temperatures of the plasma, high thermal shock at the start-up and thermal dilatation [25] . An isostatic graphite tube, provided by Mersen company, was chosen because of its high melting temperature of 3500 °C and its thermo-chemical stability to the plasma process gas. The confinement tube could be lifted in the reactor by means of a mechanical system. Moreover, it was externally covered by an alumina shell to prevent thermal energy dissipation. Two thermocouples measured the wall external temperature at the top and bottom of the tube.
Method: the dry precursor mixture was loaded to the hopper of the feeding system. The volumetric rates of carrier gas (argon) and plasma gas (argon/helium) were set to the test condition. The water cooling of the reactor and of the plasma torch was switched on to avoid that thermal energy could damage the system. The plasma torch was usually ignited at 9 A and 6 kV. After that, the suction blower was switched on, the power was tuned to the test value and the feeding of the precursor mixture started. The tests were stopped by switching off the precursor powder feeding and by a soft reduction of plasma volumetric rate up to the plasma flame was shut down. After that, the blower was stopped. The plant was fluxed with a minimum volumetric rate of argon, about 5 NL/min for about 3 h until the reactor temperature was at 30-40 °C. At this temperature the water-cooling systems were switched off, the reactor was disassembled and the product powder was collected. It was composed of unreacted carbon and silica, and silicon carbide. Organic carbon was burnt in a muffle at 700 °C for 1 h, as in Eq. B:
The SiO 2 was removed by leaching the powder with an excess of hydrogen fluoride solution at 39.5%, as in Eq. C [26] : After having established that SiC was formed in the plasma torch reactor, the yield was calculated, as it is a parameter to assess the performance of the process. As written above, SiO 2 is the limiting reactant as in reaction A results that 'b>3a' (Table I) . Therefore, the maximum number of producible moles of SiC is equal to 'a'. Conversely, the experimental SiC moles is 'x'. The yield is defined as the percentage ratio between the experimentally produced moles of SiC (x) and the theoretical producible moles of SiC (a) given by:
Yield SiC = .100 (D)
RESULTS AND DISCUSSION
In a plasma torch reactor, the synthesis of SiC from solid precursors such as char and silica requires the vaporization of the small particles and their reaction in the gas phase. Quartz silica sand has a boiling point at 2230 °C. The transition of char from solid to gaseous phase occurs in a wide range of temperature, as it mainly shows an amorphous carbon skeleton structure where metallic elements and heteroatoms such as oxygen and hydrogen are present. Therefore, the plasma flame should provide thermal energy to the precursors for their phase transition and to form covalent bonds siliconcarbon [23] . The submicronic size of the silicon carbide grains is obtained hindering crystal growth by quenching the crystalline germs [27] . It occurs both when crystalline germs adhere to the water-cooled wall of the reactor and when they are elutriated by the gas towards cold plant zones such as the tank or downstream piping. The plasma torch reactor showed some critical issues. Particularly, the plasma flame stability was not excellent, external discharge of the plasma occurred at a hard-experimental condition, i.e. when plasma power was higher than 100 kW when air humidity was high, or during long-running test. Analogously, the cooling system of the torch and of the reactor was not enough to preserve the material integrity when the power was higher than 100 kW. Thence the correct running of the plant was mastered by a fine-tuning of the experimental condition and by improvement to the cooling system. It is known from the literature that the success for the operation of a RF plasma torch depends to a large extent upon the ability to sustain a stable plasma, in particular, when reagents are being injected. The injection of reagents, particularly solids, into the plasma results in turbulence and rapid cooling when the feeding rate is relatively high [28, 29] . In Table II the synthesis tests of silicon carbide in the plasma torch reactor are summarized.
The precursor powders were fed to the plasma flame by an axial probe or by two opposite nozzles radial to the flame direction. Each feeding direction had its advantages and drawbacks. The axial feeding occurred in the middle of the plasma flame, therefore the powder had a higher residence time in the plasma flame compared to the radial feeding that occurred below the torch. The accurate residence time calculation of the powder in the plasma flame requires a knowledge of the plasma temperature field and the motion field of the powder in the plasma flame. Anyway, a rough estimation was calculated for the axial and orthogonal feeding by assuming that: the plasma flame has a cylindrical shape with a diameter equal to the torch (90 mm); the plasma flame length is 40 cm (visual inspection from a manhole); the average plasma temperature is 2000 °C; the powder is correctly injected in the flame and crosses the flame following the gas direction. It was considered a total (carrier+plasma) gas rate of 220 NL/min and that the orthogonal feeding occurred 20 cm below the axial feeding. From a simple calculation, it can be stated that in the case of axial feeding the residence time of the powder was about 70 ms, instead of in orthogonal feeding that was about 30 ms. Axial feeding caused the fouling of the torch quartz tube with the precursor and/or produced a powder. In radial feeding a correct carrier gas rate should be used to give to the feeding mixture the kinetic energy necessary to gets into the plasma flame [30] . However, even with the best control, a spraying efficiency higher than 40 wt% of the fed powder is rarely obtained for radial feeding [31, 32] . On the base of their experience, the authors of the present work advice an axial feeding of the precursor mixture by a water-cooled probe, in the middle of the plasma flame, coupled with a system to reduce the fouling of the torch. From a thermodynamic point of view when the C/SiO 2 ratio in the mixture increases, the equilibrium of the reaction A shifts towards the silicon carbide production. From Table II the higher SiC yields were observed at higher C/SiO 2 ratio and by using synergic measures in the management of the plant. In tests 1-4, the plasma torch power was increased from 65 to 95 kW. This means that higher energy was available for the synthesis of the silicon carbide. In fact, in test 1 the specific energy for the synthesis was 72 kWh/kg while in test 4 it was 158 kWh/kg. Despite the power increase, in tests 1-4 the SiC yield did not show an increasing trend. Furthermore, the yields were below 20%; these values, even if are encouraging, should be duly kept in the account before an eventual industrial exploitation of the process at these experimental conditions. From a visual inspection of the reactor after the tests, it was observed that a powder film covered the wall of the reactor whose thickness was proportional to the running time and to the mass feeding rate of the tests. Probably, during the process, the precursor powder very quickly escapes from the hot plasma flame towards the cold wall of the reactor pushed by the thermal gradient between the plasma flame and the cold wall of the reactor. Therefore, the powder has not the necessary residence times for carbon and SiO 2 transition from solid to gas phase and SiC synthesis with high yield. In fact, from a deep thermodynamic analysis, Karoly et al. [23] showed that the governing reaction of SiC formation under 2700 °C can be described as Si (g) +C (s,g) →SiC (s) , with the minor participation of C (s) .
From test 5 to 11, the synthesis tests were carried out with the graphite tube allocated under the plasma torch. The tube confines the bottom of the flame coming out of the torch. In this way, the energy available for the process increases because the flame is less affected by the reactor cooling system. Furthermore, the powder escaping is limited and it occurs towards the inner wall of the confinement tube. Obviously, a fraction of the powder crosses the tube and adheres to the wall of the reactor and to the external wall of the tube, falls in the tank or it flows along the piping. Thence test 5 was carried out at torch power, plasma gas and carrier gas rate similar to test 1 that gave the highest SiC yield without the tube. The feeding direction and mass feeding rate were varied. The first was shifted from radial to axial to prolong residence time and to ensure the powder input into the flame; the second was reduced to 600 g/h to increase the energy available for the reaction. The yield of silicon carbide was 33%. In test 6 a higher total plasma rate was tested compared to test 5. Unfortunately, the SiC yield was equal to 10%. The lower yield, compared to test 5, can be justified by the lower residence time of the particle mixture in the useful zone for the reaction. In test 7, the total plasma rate was of 150 NL/min, like in test 5, but the Ar/He ratio was increased. The SiC yield was 18%, lower than test 5. So, in the next tests, the plasma gas rate was set near the optimum value of tests 1 and 5. In tests 8-11, a better thermal insulation of the tube was performed, in fact, it was covered by alumina shell. The powder feeding rate was varied from 600 to 2500 g/h and the SiC yield decreased from 73 to 27%. This is consistent with the specific energy that decreased from 108 to 26 kWh/kg. In test 11 a long-running test of 195 min was experimented to evaluate the reliable running of the plant as a function of the time. During this test, three external discharges occurred and after each one, the plasma torch was instantaneously shut down and restarted. Probably, the external discharge could have been caused by fouling of the torch in the long-running. Anyway, despite the difficulties in this test, the SiC yield of the collected powder was 71%.
As concerns the temperature of the process, it is very instructive to observe that a not negligible thermal gradient along the axial direction of the wall tube exists. For example, in test 11 the temperatures at the top and at the bottom of the tube were 1400 and 770 °C, respectively. The tube works in a very stressing environment, it is heated from the plasma flame at the top, and is partially cooled by the cooling systems. Moreover, within the tube, a very complex physical and chemical process that gives silicon carbide occurs. Anyway, after the tests, the tube was not eroded or damaged by the running of the plant. Generally, the powders collected in different spots of the plant showed different SiC content. In fact, the powder collected on the inner wall of the tube systematically had a silicon carbide content slightly higher compared to the powder collected on the reactor walls. The powder collected in the tank showed the lowest content. The interpretation of this evidence is very interesting and challenging. During the process, a fraction of the precursor mixture that does not vaporize sticks on the inner wall of the tube. Considering the high temperature especially at the top of the tube (1400 °C), it is reasonable to suppose that SiC synthesis could involve the solid phase in this spot, too. Thermodynamic and kinetic aspects of carbothermal reduction of SiO 2 were extensively analyzed in several papers [33, 34] . It has been generally accepted that the carbothermal reduction of SiO 2 takes place as a result of two subsequent reaction steps in accordance with:
Reaction E gives the gaseous SiO which successively reacts with solid carbon to form the silicon carbide. The removal of CO from the reaction environment is required to cause the overall reaction A to proceed towards SiC production; furthermore, reaction F is a solid-gas reaction, then a high partial pressure of SiO (g) is desirable in order to have the reduction of solid carbon to silicon carbide [19, 35] . Hence, the intimate contact of silica and carbon widely affects the formation of SiC [36] . In this way, the highest content of silicon carbide powder collected in the tube could be justified. The lowest content in the powder collected in the bottom tank can be justified considering that the non-vaporized micrometric particles of silica and carbon are less elutriated compared to the submicronic particles of silicon carbide and probably they majorly concentrate in the tank. Similar evidence was observed by Guo et al. [22] that synthesized SiC in an induction plasma torch from silicon and CH 4 . They observed that the powders collected from various sections of the reactor system showed different compositions and powder morphologies.
The formation of SiC was confirmed using XRD analysis. In particular, Fig. 3a shows XRD pattern of the SiC powder of test 1 carried out without the graphite tube (I) and it is compared to the profile of the purified powder of SiC from test 11 carried out with the graphite tube (II). Crystalline SiC signals are clearly present in both patterns: the strong peaks at 2θ= 35.7°, 41.4°, 60.0° and 71.8° related to (111), (200), (220) and (311) lattice planes, respectively, can be attributed to both α and β crystalline phases. The small peaks at 2θ= 33.7° and 38.1° could be attributed to the α-phase, only [37] [38] [39] ; moreover, they are clearly visible in XRD pattern of Fig. 3a (II). Therefore, it can be argued that by using the graphite tube the temperature and particle motion fields of the precursors fit with the synthesis of the α-phase as well as the β-phase. The samples were subjected to dynamic light scattering (DLS) analysis to determine the size distribution profile of small particles. The average particle size was quite variable, anyway, it was below 1 μm, for all the tests. For an example, Fig. 3b shows the DLS pattern of the purified silicon carbide powder from test 9. Moreover, the samples were analyzed by scanning electron microscopy (SEM) for studying of their surface morphology. A SEM image of silicon carbide from test 11 is shown in Fig. 3c . Basically, the size of the particles confirms the results collected by DLS analysis. The powder appears, at SEM image, as formed of small spheroidal particles and larger non-spheroidal ones.
CONCLUSIONS
Submicronic silicon carbide powder was synthesized by a 2 MHz radiofrequency plasma torch reactor at pilot scale, using low-cost precursors such as char powder and silica sand. A fine-tuning of the process variables and novel architectonic measures were necessary to obtain interesting process yield. In particular, yields over 70% were obtained at a torch power of 65 kW, feeding 600 g/h of precursor mixture at C/SiO 2 equal to 1.3 wt/wt, by an axial probe with 70 NL/min of Ar as carrier gas, with plasma gas rate of 150 NL/min (90 NL/min of Ar, and 60 NL/min of He) and by confining the plasma flame in a tube. Specifically, the confinement of the plasma flame in the tube had a remarkable effect on process yield. Probably, the available thermal energy for the silicon carbide synthesis increases by confining the flame, and the reactants have a higher residence time in the hot spot (1400-2700 °C) useful for the advancement of the chemical reaction. Increasing the mass rate of feeding mixture from 600 to 2500 g/h the silicon carbide yield decreases to 27%. The longest running time of the plant was set to 195 min because some issues occurred during the test. In fact, the radiofrequency plasma system was not very stable and external discharges were caused by torch fouling and high torch power. The powder collected in different spots of the plant showed different silicon carbide content: the highest and lowest were detected in the powder collected on the inner wall of the tube and in the bottom tank, respectively. The XRD analysis of the purified powder detected both the α and the β crystalline phases. The mean size of the particles measured by DLS was below 1 μm. The scanning electron microscopy highlighted a spheroidal morphology of smaller particles and a non-spheroidal shape for larger particles. 
